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Electronic Structure Calculations for YBa2Cu3O7 within the Slave Boson Formalism
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A novel method for self-consistent electronic structure calculations for correlated metals is presented
This approach takes into account on-site Coulomb repulsion among localized electrons and is based o
the slave boson formalism. The proposed method was applied to the study of the electronic structure o
YBa2Cu3O7: the on-site Coulomb repulsion of Cu3d electrons gives origin to a flat band at the Fermi
level, as observed in experiments. A sharp Van Hove singularity has been found 25 meV below the
Fermi energy. [S0031-9007(96)01615-8]

PACS numbers: 74.25.Jb, 71.10.–w, 74.72.–h
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The density functional theory (DFT) [1] has prov
very successful in describing ground state propertie
several physical systems. The local density appr
mation (LDA) and the local spin density approxim
tion (LSDA) have provided a good description of so
of the properties of highTC superconductors, such a
e.g., the lattice dynamics and crystal stability [2]. Ne
ertheless, such approximations fail to predict the
sulating, antiferromagnetic ground state of the pa
undoped materials. Similar problems were obser
much earlier in transition metal oxides such as F
CoO, and NiO. Such a failure is due to the fa
that LSDA does not treat adequately the many-b
Coulomb interaction in materials which exhibit a stro
electron-electron interaction. Several attempts to
prove LSDA have been made. Both self-interact
correction (SIC) [3] and local spin density approxim
tion with on-site Coulomb correlationsLSDA 1 Ud [4]
have been successfully applied to the study of undo
cuprates [5].

In these materials, the state with the highest ene
has mainly a Cu3dx22y2 character, which is singly oc
cupied in undoped compounds. The insulating ch
acter is due to the on-site Coulomb repulsion, wh
opposes transfer processes involving a doubly occu
Cu 3dx22y2 orbital. In doped cuprates, charge trans
processes become possible, so that such systems
a metallic behavior. Nevertheless, correlation effects
still present in these systems, which exhibit anomal
normal-state properties and short-range antiferromagn
correlations.

Recently, angle-resolved photoemission spectrosc
(ARPES) experiments have shown evidence of interes
features in the electronic structure of high-TC supercon-
ductors [6]. In particular, these experiments have sho
the presence of an extended saddle point near the F
level. Several hypothesis have been made about the
that a van Hove singularity close to the Fermi level co
have in determining the physical properties of both n
mal and superconducting states [7]. The nature of
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flat-band saddle points is still controversial. Anders
et al. [8] have attributed them to band structure e
fects, related to the dimple of the CuO2 planes. On
the other hand, many authors believe that such featu
are originated by many-body effects, and cannot be
plained within a single-particle framework. Recentl
several groups [9] have presented results obtained
the Hubbard andt-J models, which show flat bands
at the Fermi level, similar to those observed in th
experiments.

From the above considerations, the need of an adeq
theory for electronic structure calculations for the metal
state of cuprates results is evident. In the present L
ter, I describe a novel method for self-consistent ele
tronic structure calculations for correlated metals. Su
a method has been applied to the study of the electro
structure of YBa2Cu3O7 (YBCO7).

In the strong-coupling limit, when the Coulomb repu
sion on the Cu sites is supposed much larger than
bandwidth, the Hamiltonian of the system can be set u
der the constraint that no Cu3dx22y2 orbital is doubly oc-
cupied. Such a constraint can be satisfied by employ
the slave boson formalism [10], in which the electron o
erator d

y
is , corresponding to the Cu3dx22y2 state, is re-

placed byd
y
is ! f

y
isbi . The slave boson technique ha

been applied to the study of several mean-field phase
the t-J model [11]. The boson operatorbi keeps track of
the empty sites, and the fermion operatorfis carries the
spin. The constraint of no double occupancy is satisfi
by requiring thatb

y
i bi 1

P
s f

y
isfis ­ 1 at each sitei;

this request may be reached by adding to the Hamilton
a term X

i

li

µX
s

f
y
isfis 1 b

y
i bi 2 1

∂
, (1)

where li is a Lagrangian multiplier. A mean-field
theory is achieved by replacing the fieldsbi and li by
their saddle-point valuesb0 and l0. The mean field
l0 can be interpreted as the chemical potentialmb of
bosons.
© 1996 The American Physical Society
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The basis set used in this work is the one correspo
ing to the linear-muffin-tin orbital method, in the atom
sphere approximation (LMTO-ASA) [12,13]. It must b
stressed that the LMTO orbitals do not provide an
actly orthogonal set. Nevertheless, the3d orbitals are
well localized and can be easily associated with a gi
site. The LMTO-ASA method has been used in s
eral high-T0

c superconductor band structure calculatio
[14–16] and is found to give very similar results to tho
obtained through more elaborate methods such as the
potential linear augmented plane-wave method (FLAP
[17]. I have performed self-consistent electronic struct
calculations for YBCO7. In these calculations, all ele
trons were separated into either core or band electr
The core electron wave functions were calculated by s
ing the relativistic Dirac equation at every self-consist
iteration, while the spin-orbit coupling was neglected
the valence electrons. All calculations were perform
for the orthorhombic structure with lattice constants a
atomic position parameters taken from Ref. [18].
empty sphere was put along thex axis as described in
Refs. [14,15];147 k points within the irreducible wedg
of the Brillouin zone were used in the self-consiste
calculations.

In order to obtain the mean-field slave boson Ham
tonianHSB, corresponding to the LMTO HamiltonianH
[see Eq. (6.17) in Ref. [13]], it is useful to consider t
following rules: A local termd

y
isdis is not modified

and becomesf
y
isfis ; this result can be obtained b

using the relationsbib
y
i ­ b

y
i bi 1 1 ­ 2 2

P
s f

y
isfis

and f
y
isfi,2s ­ fisfi,2s ­ 0, which follow from the

constraint of no double occupancy. A hopping te
tda

P
s a

y
aisdjs between a planar Cus2d 3dx22y2 state

and a different statejal is replaced byb0tda

P
s a

y
aisfjs .

Hopping terms which do not involve the plan
Cus2d 3dx22y2 orbitals remain unchanged. The Hamilto
ian assumes then the following form (for simplicity it
considered the case of a single atom per cell)

HSB ­ b H b 1 g , (2)

where the matrixb
ij

is given by

b
i,j

­

0BBBBBBB@
b011

2
b021

2 0 0 · · · 0
b021

2
b011

2 0 0 · · · 0
0 0 1 0 · · · 0
? ? ? ? · · · ?

0 0 0 0 · · · 1

1CCCCCCCA , (3)

where the indexi, j ­ 1 corresponds tosl ­ 2, m ­ 22d
and i, j ­ 2 to sl ­ 2, m ­ 2d. The matrix b

ij
has

been introduced to modify the hopping term betwee
Cus2d 3dx22y2 state and another state, and between
Cus2d 3dx22y2 orbitals in different sites. The matrixg is
introduced to correct the local terms, which must rem
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unchanged, and to take into account the constraint g
in Eq. (1). The matrixg is given by

g
i,j

­

8<: Nl0

2
2

Msb2
0 2 1d
2

, if i ­ 1, 2 andj ­ 1, 2 ,

0, elsewhere,
(4)

whereN is the normalization constant for the muffin-t
orbital Cus2d 3dx22y2 and

M ­

∑
2vs2d 1 2Enf1 1 v2s2d k Ùf2lg

Sfs2d2

∏
l­2

1
X
l0

Dl0

∑
2vs1d 1 2Enf1 1 v2s1d k Ùf2lg

Sfs1d2

∏
l0

.

(5)

The coefficientDl0 is given by

Dl0 ­
l0X

m0­2l0

X
m­62

X
Rfi0

sgl0,m0,l­2,md2

µ
S
r

∂2l015

3 jYl012,m02msR̂dj2
p

s2l0 1 1d2
, (6)

where R is a lattice vector, andgl0,m0,l,m are defined in
Eq. (6.8) in Ref. [13].

The mean fieldb0 is related to the average value
doping holes on the planar Cu sites. Holes introdu
by doping have predominantly O2p character, because o
the strong Coulomb repulsion among Cu3d states [19].
In the case of YBCO7, experimentally the doping ho
content isø0.2 holes per CuO2 plane, and assuming [20
that such holes have 15% Cu3d character, one obtain
the value b2

0 ­ 0.03. This choice corresponds to th
calculations presented in this work; the use of differe
values ofb0 (e.g.,b2

0 ­ 0.01 or b2
0 ­ 0.1) do not modify

significantly the electronic structure. In principle, th
Lagrangian parameterl0 should be determined through th
minimization of the total energy of the system with resp
to l0. This procedure would assure one that the occupa
of the Cus2d 3dx22y2 orbital, given by k

P
s fy

sfsl, is
equal to 1 2 b2

0 . Unfortunately, the calculated valu
of the above occupancy is not in good agreement w
the experimental one. Therefore, the value ofl0 has
been determined by imposing the alternative constrP

s k fy
sfsl ­ nLDA

0 , wherenLDA
0 is the occupancy of the

orbital as obtained in the ordinary LDA calculations. Th
procedure would make the LDA and LDA1 SB results
comparable (LDA1 SB is the acronym I will use to refe
to the method presented herein).

In Fig. 1 the LDA 1 SB (solid lines) total and partia
densities of states of YBCO7 are compared with
corresponding LDA results (dashed lines). The notati
Cu(2), O(2), and O(3) refer to the sites in the Cu2
planes, while Cu(1) and O(1) to those in the CuO cha
A sharp peak, located 25 meV below the Fermi level, h
been found in the partial density of states correspondin
the Cu(2) sites. This feature is not present in LDA resu
4067
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f-
FIG. 1. Total and partial densities of states of YBCO7, as obtained from LDA1 SB (solid lines) and LDA (dashed lines) sel
consistent electronic structure calculations. The energies are referred to the Fermi level.
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and indicates the existence of a van Hove singula
close to the Fermi energy. The electronic structure
the CuO2 planes is strongly modified, with respect to t
LDA results, while only minor changes have been fou
in the densities of states corresponding to the CuO ch
The study (not shown here) of the projections of the lo
partial DOS for Cus2d 3d on irreducible representation
of the point groupD4h has shown that the van Hov
singularity at the Fermi level is present only in t
Cu 3dx22y2 component; nevertheless, significant chan
have been observed in the remaining Cu3d states, which
are placed closer to the Fermi level with respect to
LDA results.

The LDA 1 SB band structure of YBCO7, represent
in Fig. 2, differs significantly from the LDA band struc
ture. The most striking feature is the existence of a
band atEF 6 25 meV along the directionG-X, which
has a mixed Cus2d 3d-Os2, 3d 2p character. The result
presented in this work suggest that the extended sa
points observed in experiments are originated by elect
electron correlation in the planar Cu(2) sites. This con
sion is in agreement with those reached in recent stu
of the Hubbard andt-J models [9]. On the other hand
this view contrast with the one presented by Ander
et al. [8]; these authors do not consider correlation effe
and identify the Os2, 3d 2pz orbitals as the relevant ele
4068
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tronic degrees of freedom responsible for the existence
a flat band at the Fermi level.

In conclusion, I have presented a novel method for s
consistent electronic structure calculations for stron
correlated metals. The present method is develo
within the slave boson formalism, and allows one to ta
into account on-site Coulomb repulsion among localiz

FIG. 2. Band structure of YBCO7, as obtained from LDA1
SB self-consistent electronic structure calculations. The en
gies are referred to the Fermi level.
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Sec. 14.2.
states. This approach is suitable to the study of the el
tronic structure of cuprates at optimal doping, because
the strong correlation of Cu3d electrons. Self-consistent
electronic structure calculations have been performed
YBCO7, which shows that on-site Coulomb repulsion
responsible for the existence of a flat band at the Fer
level, as observed in experiments. The density of sta
presents a novel feature with respect to LDA resul
which consists of a sharp peak positioned 25 meV belo
the Fermi energy.

[1] P. Hohenberg and W. Kohn, Phys. Rev.136, B864 (1964);
W. Kohn and L. J. Sham, Phys. Rev.140, A1133 (1965).

[2] W. E. Pickettet al., Phys. Rev. B42, 8764 (1990); R. E.
Cohen et al., Phys. Rev. Lett.64, 2575 (1990); C. O.
Rodriguezet al.,Phys. Rev. B42, 2692 (1990); I. I. Mazin
et al., Phys. Rev. Lett.68, 3936 (1992).

[3] J. P. Perdew and A. Zunger, Phys. Rev. B23, 5048 (1981).
[4] V. I. Anisimov, J. Zaanen, and O. K. Andersen, Phys. Re

B 44, 943 (1991).
[5] A. Svane, Phys. Rev. Lett.68, 1900 (1992); P. Wei and

Z. Q. Qi, Phys. Rev. B49, 12 159 (1994); M. T. Czyzyk
and G. A. Sawatzky, Phys. Rev. B49, 14 211 (1994);
M. Biagini, C. Calandra, and S. Ossicini, Phys. Rev.
52, 10 468 (1995); Phys. Rev. B54, 1404 (1996).

[6] J. C. Campuzanoet al., Phys. Rev. Lett.64, 2308 (1990);
C. G. Olsonet al., Phys. Rev. B42, 381 (1990); R. Liu
et al., Phys. Rev. B46, 11 056 (1992); A. A. Abrikosov
et al., Physica (Amsterdam)214C, 73 (1993); D. S.
Dessauet al.,Phys. Rev. Lett.71, 2781 (1993); K. Gofron
et al., J. Phys. Chem. Solids54, 1193 (1993); D. M. King
et al., Phys. Rev. Lett.70, 3159 (1993); R. O. Anderson
et al., Phys. Rev. Lett.70, 3163 (1993); P. Aebiet al.,
Phys. Rev. Lett.72, 2757 (1994); D. M. Kinget al., Phys.
Rev. Lett.73, 3298 (1994); J. Maet al., Phys. Rev. B51,
3832 (1995); J. Maet al., Phys. Rev. B51, 9271 (1995).

[7] J. Labbe and J. Bok, Europhys. Lett.3, 1225 (1987);
R. Combescot and J. Labbe, Phys. Rev. B38, 262 (1988);
J. Friedel, J. Phys. Condens. Matter1, 7757 (1989); C. C.
Tsuei et al., Phys. Rev. Lett.65, 2724 (1990); C. C.
Tsueiet al., Phys. Rev. Lett.69, 2134 (1992); D. Y. Xing
et al., Phys. Rev. B44, 12 525 (1991); J. M. Getinoet al.,
Phys. Rev. B48, 597 (1993); H. R. Krishnamurthyet al.,
Phys. Rev. B49, 3520 (1994); D. M. Newnset al., Phys.
c-
of

or

i
es
,

w

.

Rev. B 52, 13 611 (1995); S. Sarkaret al., Phys. Rev. B
52, 12 545 (1995); R. J. Radtke and M. R. Norman, Phy
Rev. B50, 9554 (1994); E. Dagottoet al.,Phys. Rev. Lett.
74, 310 (1995); R. Combescot, Phys. Rev. Lett.68, 1089
(1992); S. Takacs, Phys. Rev. B48, 13 127 (1993); D. R.
Penn and M. L. Cohen, Phys. Rev. B46, 5466 (1992);
A. G. Goicocea, Phys. Rev. B49, 6864 (1994); S. Sarkar
and A. N. Das, Phys. Rev. B49, 13 070 (1994).

[8] O. K. Andersen, O. Jepsen, A. I. Liechtenstein, and I.
Mazin, Phys. Rev. B49, 4145 (1994).

[9] N. Bulut et al.,Phys. Rev. Lett.72, 705 (1994); J. Beenen
and D. M. Edwards, Phys. Rev. B52, 13 636 (1995);
E. Dagottoet al., Phys. Rev. Lett.73, 728 (1994).

[10] S. E. Barnes, J. Phys. F6, 1375 (1976); P. Coleman, Phys
Rev. B29, 3035 (1984).

[11] A. E. Ruckensteinet al., Phys. Rev. B36, 857 (1987);
G. Kotliar and J. Liu, Phys. Rev. B38, 5142 (1988); M. U.
Ubbens and P. A. Lees, Phys. Rev. B46, 8434 (1992);49,
6853 (1994);50, 438 (1994); P. A. Lee and N. Nagaosa
Phys. Rev. B46, 5621 (1992);45, 966 (1992);43, 1233
(1991); L. B. Ioffe and G. Kotliar, Phys. Rev. B42,
10 348 (1990); R. Hlubinaet al., Phys. Rev. B46, 11 224
(1992); M. Grilli and G. Kotliar, Phys. Rev. Lett.64, 1170
(1990); S. Sachdev, Phys. Rev. B45, 389 (1992); M. U.
Ubbenset al.,Phys. Rev. B48, 13 762 (1993); S. Caprara,
C. Di Castro, and M. Grilli, Phys. Rev. B51, 9286 (1985);
S. Caprara and M. Grilli, Phys. Rev. B49, 6971 (1994).

[12] O. K. Andersen, Phys. Rev. B12, 3060 (1975).
[13] H. L. Skriver,The LMTO Method(Springer, Berlin, 1984).
[14] G. Y. Guo and W. M. Temmerman, Phys. Rev. B41, 6372

(1990).
[15] W. M. Temmerman, Z. Szotek, P. J. Durham, G. M

Stocks, and P. A. Sterne, J. Phys. F17, L319 (1987).
[16] M. Biagini, C. Calandra, and S. Ossicini, Europhys. Let

31, 317 (1995).
[17] S. J. Massidda, J. Yu, A. J. Freeman, and D. D. Koellin

Phys. Lett. A122, 198 (1987).
[18] J. J. Capponiet al., Europhys. Lett.3, 1301 (1987).
[19] N. Nücker et al., Z. Phys. B67, 9 (1987); J. Tranquada

et al., Phys. Rev. B36, 5263 (1987); J. C. Fuggleet al.,
Phys. Rev. B37, 123 (1988); M. Horvaticet al., Phys.
Rev. B39, 7332 (1989).

[20] P. Fulde, Electron Correlations in Molecules and
Solids, Springer Series in Solid-State Sciences Vol. 10
(Springer-Verlag, Berlin/Heidelberg/New York, 1991)
4069


